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Our study indicates that DNA binding domains are common in many halophilic or
halotolerant bacterial DNases and they are potential activators of enzymatic activity at
high ionic strength. Usually, proteins adapt to high ionic strength by increasing the number
of negatively charged residues on the surface. However, in DNases such adaptation
would hinder the binding to negatively charged DNA, a step critical for catalysis. In our
study we demonstrate how evolution has solved this dilemma by engaging the DNA
binding domain. We propose a mechanism, which enables the enzyme activity at salt
concentrations as high as 4 M of sodium chloride, based on collected experimental
data and domain structure analysis of a secreted bacterial DNase from the extremely
halotolerant bacterium Thioalkalivibrio sp. K90mix. The enzyme harbors two domains:
an N-terminal domain, that exhibits DNase activity, and a C-terminal domain, comprising
a duplicate DNA binding helix-hairpin-helix motif. Here we present experimental data
demonstrating that the C-terminal domain is responsible for the enzyme’s resistance to
high ionic strength.
Keywords: DNase, Thioalkalivibrio sp., HhH motif, DNA binding domain, halophile, adaptation
1. Introduction
Eukaryotic DNaseI is commonly used to clear DNA contamination from RNA samples, however, it
is very salt-sensitive. Over the course of evolution the DNases of halophilic/halotolerant organisms
might have adapted to work at high salt concentration. Several nucleases resistant to ionic strength
were discovered in the past decades (Kamekura and Onishi, 1974, 1978; Onishi et al., 1983;
Kanlayakrit et al., 2001). However, these studies didn’t reveal any mechanism of halotolerance.
In 1998 Pan and Lazarus published their attempts to design an eukaryotic DNaseI, which
would retain its activity at the elevated ionic strength (Pan and Lazarus, 1998). Since high
ionic strength hinders the interaction between the enzyme and the DNA, the authors tackled
this problem by introducing additional positive residues onto the DNA-binding surface of
the nuclease catalytic domain (Pan and Lazarus, 1998). Meanwhile, our analysis of the
sequence data from the halophilic/halotolerant prokaryotes indicates that evolution used a
completely diﬀerent approach: the interaction between the enzyme and the substrate is
stabilized by an additional C-terminal DNA-binding domain within the enzyme. We have
discovered that many DNases from halophilic/halotolerant species are multi domain proteins.
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This fact led to the hypothesis that in some cases a fusion of
an additional domain to the DNase domain was the key factor
in evolution, which enabled the activity of bacterial DNases at
high ionic strength. To test this hypothesis, we selected a DNase
with a DNA binding domain, in addition to a nuclease domain,
from an extremely halotolerant bacterium, Thioalkalivibrio sp.
K90mix, for experimental analysis. Along with the recombinant
(hexahistidine-tagged) enzyme we also analyzed its two mutants:
one lacking the C-terminal domain and the other one harboring
an inactivating mutation in the active site of the DNase domain.
In this article we present halophilic properties of the DNase
from Thioalkalivibrio sp. K90mix and its salt tolerance strategy.
It has been shown that accumulation of negatively charged
acidic surface residues is related to adaptation for high salt
concentrations (Siglioccolo et al., 2011; Graziano and Merlino,
2014). Thus, this evolutionary adaptation could potentially lower
the enzyme’s aﬃnity to negatively charged DNA. Here we present
an example, where accumulation of negatively charged residues
on the surface of bacterial DNase is accompanied and potentially
alleviated by a DNA binding domain.
2. Materials and Methods
2.1. Analysis of Microbial DNaseI Family Proteins
and the Resistance of Corresponding
Micro-organisms to Salt
Initially, IPR016202 protein family sequences were collected
from the InterPro database (accessed in June, 2014) (Hunter
et al., 2012). The sequences were matched to UniRef90 clusters
(UniProt Consortium, 2014) and subsequent analysis was
performed on representative sequences from these clusters.
All non-prokaryotic sequences were discarded. Remaining
sequences were subjected to phylogenetic analysis and domain
detection. Amaximal molar NaCl concentration allowing growth
of a corresponding organism was inferred for each analyzed
sequence. In some cases, the maximal NaCl concentration
value was found in the published data, in other cases, the
salt tolerance was inferred based on a living environment
or a cultivation medium. Six arbitrary selected salt tolerance
categories were used. The ﬁrst category, where the maximum
salinity is indicated as “close to 0” encompasses the organisms
that were not considered in the literature as being salt tolerant
or their living environment/growth medium does not imply
salt tolerance. The second one (“<0.8”) encompasses slightly
halophilic/halotolerant species. An organism was assigned to
this category if the corresponding concentration of NaCl was
explicitly indicated in the literature or the microorganism
was collected from marine habitats. The assignments to the
other four categories (“0.8–0.9,” “1.0–1.4,” “1.5–2.0,” “3.4–5.1”)
corresponding to medium-extreme halophilic/halotolerant
species were based on the explicit statements in the literature.
Domains in the sequences of bacterial DNases were detected
using InterProScan 5.4-47.0 (Jones et al., 2014). Phylogeny
analysis of the corresponding sequences was performed
using Phyrn-1.7.2 package (Bhardwaj et al., 2012). Five
thousand replicates of the distance matrices were generated
for bootstrapping. The corresponding neighbor-joining trees
were calculated and a consensus tree was produced using
the NEIGHBOR and CONSENS programs from the PHYLIP
package (Felsenstein, 1989). ETE 2.2 package was used for
the visualization of the tree and supplementary information
(Huerta-Cepas et al., 2010).
A secretion signal search was performed in the sequences
of DNases from organisms, that can grow in 1.5 M or higher
NaCl concentrations. A secretion signal was detected using three
programs: (1) SignalIP 4.1 (Petersen et al., 2011) was used for
gram-negative bacteria sequences; (2) PRED-SIGNAL (Bagos
et al., 2009) was used for an archaeal sequence (Methanohalobium
evestigatum) ; (3) Philius (Reynolds et al., 2008) was used for the
prediction of the presence of a secretion signal and protein type.
2.2. Cloning, Expression, and Purification of
Proteins
Gene of the recombinant DNase from Thioalkalivibrio sp.
K90mix (DNaseTA) was de novo synthesized by DNA 2.0
(California, USA) and codons were optimized for expression
in E. coli. Protein sequence was taken from an Uniprot entry
(accession code D3SGB1), the secretion signal sequence was
excluded. The gene was cloned into a pLATE31 vector (Thermo
Fisher Scientiﬁc, #K1261). The coding sequence of the C-
terminal His6-tag originated from the vector.
Two mutants of the his-tagged DNaseTA were constructed:
an active site mutant with the inactivating mutation [H134A
(Chen et al., 2007)], denoted as DNaseTA H134A and a mutant
with the removed C-terminal domain denoted as DNaseTA
C. The coding sequence of the C-terminal His6-tag originated
from the vector and was added during cloning into a pLATE31
vector (Thermo Fisher Scientiﬁc, #K1261). DNaseTAH134A was
generated by two-steps megaprimer PCR. Both PCR reactions
were performed with 2x Phusion High Fidelity PCR Master
Mix (Thermo Fisher Scientiﬁc, #F-548S). Primer sequences for
both PCR steps are shown in Supplementary Material (Table
S1). DNaseTA C mutant was constructed via single PCR step,
the primer sequences are shown in Supplementary Material
(Table S1). The PCR products were cloned into a pLATE31
vector (Thermo Fisher Scientiﬁc, #K1261). The coding sequences
of DNaseTA, DNaseTA H134A, DNaseTA C are shown in
Supplementary Material Figure S1.
As a reference enzyme, his-tagged bovine DNaseI was cloned
into a pLATE51 vector (Thermo Fisher Scientiﬁc, #K1271).
The DNA sequence corresponding to the N-terminal His6-tag
originated from the vector and was added during cloning.
The constructs were cloned using E. coli ER2267 strain
(New England Biolabs). The bacteria were grown on LB agar
supplemented with 2% (w/v) glucose and carbenicillin. For the
protein expression the constructed recombinant plasmids were
transformed into E. coli ER2566 strain (New England Biolabs).
Bacteria were grown in LB broth supplemented with glucose
1% (w/v) and carbenicillin (50µg/ml). A preculture was grown
till OD600 0.3 at 37◦C and then used for inoculation. A main
culture was inoculated with 1/40 of the preculture and grown
at 37◦ C until the induction. The expression was induced by
addition of IPTG (1mM) when OD600 reached 0.8–0.9 and
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subsequently grown at 23◦ C for 16 h. Before the induction the
culture was cooled on ice. Bacteria were lysed chemically and
expressed proteins were puriﬁed in one step using nickel aﬃnity
spin columns (Thermo Fisher Scientiﬁc, #88225). The washing
buﬀer had following composition: 2% Triton X-100; 20 mMTris-
HCl, pH 7.5; 0.5M NaCl; 5mM CaCl2; 20 mM imidazole, pH
7.8. The elution buﬀer had following composition: 2% Triton
X-100; 20mM Tris-HCl, pH 7.5; 0.5M NaCl; 5mM CaCl2;
250mM imidazole, pH 7.8. The eluates were dialysed against
buﬀer having following composition: 50mMTris-acetate, pH 7.5;
10mM CaCl2; 50% glycerol. When requirements for divalent
cations were analyzed, 0.5M EDTA solution was added to the
eluates to get 100mM EDTA concentration and then the eluates
were dialyzed against buﬀer having following composition:
50mM Tris-acetate, pH 7.5; 10mM EDTA; 50% glycerol. The
concentration of the puriﬁed enzymes was assessed by SDS-
PAGE and subsequent densitometry.
2.3. Activity Assays
2.3.1. Digestion of Long DNA Substrate
Two micro gram pUC19 DNA cleaved with SmaI was digested
with 2.5 nM of enzyme. Two ranges of NaCl concentration
were explored: 0–1M in 0.1M increments and 0–4M in 0.4M
increments. The reactions were performed for 10 min at 37◦C
in 100 µl of the reaction mixture with 10mM Tris-HCl, pH
7.5 and varying amount of CaCl2 and MgCl2. Thermo Scientiﬁc
ZipRuler Express DNA Ladder 2 (#SM1373) was used as a
molecular weight standard to evaluate the degradation of the
DNA substrate.
2.3.2. Digestion of Short DNA Substrate
Ten nano meter 16 bp DNA (2 nM were labeled with 33P at 5’-
end) was digested with 0.66 nmol of enzyme at 37◦C in 100 µl of
a reaction buﬀer: 10mMTris-HCl, pH 7.5; 10mMCaCl2; 10mM
MgCl2. 9 µl of the reaction mixtures were removed at 1, 2, 4, 8,
16, 32, 64, 128, 192 min after start. The samples were mixed with
9µl of 2x RNA loading dye (Thermo Fisher Scientiﬁc, #SM1373),
heated for 5 min at 95◦C and analyzed by denaturing PAGE.
The half-life of the substrate digestion was estimated during
subsequent densitometry.
2.4. Modeling and Analysis of DNase Domain
The protein sequence of DNaseTA was downloaded from
the corresponding entry in UniproKB database (UniProt
Consortium, 2014) (http://www.uniprot.org/uniprot/D3SGB1).
HHblits (Remmert et al., 2012) from HH-suite 2.0 was used
to identify the protein domains in DNaseTA. The modeling
of the DNase domain was performed using I-Tasser server
(Roy et al., 2010). The models were reﬁned with Kobamin
(Rodrigues et al., 2012), a knowledge-based potential reﬁnement
program. The best quality model was selected using Prosa-
web (Wiederstein and Sippl, 2007). Prosa-web was used for
backbone and Qmean (Benkert et al., 2008) for side chain
quality assessment. The electrostatic surface potential of DNase
domain of DNaseTA was calculated with APBS tools (Baker
et al., 2001) and visualized in Pymol (Schrödinger, unpublished).
The structure was prepared for electrostatics calculations by
adding hydrogens with PDB2PQR (Dolinsky et al., 2004) using
Amber force ﬁeld (Case et al., 2014). The range from −5 kT/e
in red to +5 kT/e in blue was chosen for surface coloring.
The model for a DNase from Methanohalobium evestigatum
was created and analyzed in a similar manner. For evaluation
of the surface residues conservation level proteins homologous
to DNaseTA were identiﬁed using PSI-Blast (Altschul et al.,
1997) and Jackhammer (Eddy, 2011), proﬁle-proﬁle alignment
search tools. Homologous proteins were aligned using multiple
alignment program MAFFT (Katoh and Standley, 2013) with
L-INS-i (Katoh and Toh, 2008) option. Lastly, multiple-aligned
sequences were imported into a Consurf (Celniker et al., 2013)
program for mapping of conserved amino acids. In order to
indicate potential ion and DNA binding residues in DNaseTA,
the DNase domain of DNaseTA, DNaseI structures PDB ID:
4AWN, 2A3Z, 3DNI (known positions of ions) and PDB ID:
1DNK (known positions of DNA) were superimposed. The
superimposition was performed using Dali Server (Holm and
Rosenström, 2010) and mapped in Jalview Waterhouse et al.
(Holm and Rosenström, 2010).
3. Results
3.1. DNaseI Family Sequences Properties and
Halotolerance of Corresponding
Micro-organisms
The purpose of phylogenetic and domain structure analysis
of bacterial DNases was to identify the domains, which
would be potentially related to halotolerance or halophilicity.
The analysis of the InterPro 4.7 database (Hunter et al.,
2012) revealed that there are about 300 prokaryotic proteins
belonging to DNaseI family. Clustering these sequences at 90%
sequence identity level resulted in 86 clusters (Uniref90). Manual
inspection of available data in literature revealed that more
than a half of the representative sequences originate from
halophilic/halotolerant organisms. The accession codes of the
analyzed DNaseI family proteins, corresponding organisms and
collected data on salt tolerance are in Supplementary Material
(Table S2). The summary of this data is given in Figure 1. In
this ﬁgure species corresponding to 86 representative sequences
are indicated along with the inferred maximum salinities
(concentration of NaCl) at which microbial growth occurs.
In total we have collected data on 82 prokaryotic organisms.
39 of them were considered to be of low salt tolerance, 16
were classiﬁed as being slightly halophilic/halotolerant (≥0.3
and <0.8 M NaCl), 23 were classiﬁed as being medium
halophilic/halotolerant (≥0.8 and <3.4 M NaCl) and 4 species
were classiﬁed as extremely halophilic/halotolerant (≥3.4 M
NaCl).
The phylogeny of the sequence fragments, which correspond
to the nuclease domain of the proteins, was analysed and the
topography of the resulting phylogeny tree is given in Figure 1.
All the domain names used in the ﬁgure are the same as
used in InterPro 4.7 database, except for the nuclease domain.
We named exo/endo/phospho and DNase domain (note that
all analyzed proteins belong to DNaseI family) as nuclease
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domain. Our analysis indicates that bacterial DNases apart from
their nuclease domain might have 5 types of other domains:
Lamin tail, PKD/Chitinase, Ada DNA repair/metal binding,
RuvA domain2-like and DNA polymerase lambda ﬁngers. The
last two domains: the RuvA domain 2-like (Singh et al., 2002)
and the DNA polymerase lambda ﬁngers (Garcia-Diaz et al.,
2004) are similar (shown as red and green circles in Figure 1) as
both of them correspond to the duplicate HhH (helix-hairpin-
helix) motifs (Hunter et al., 2012). Domain analysis revealed
that the DNases of Deinococcus-Thermus phylum stand out as
a distinctive group: the proteins are longer compared to other
bacterial DNases and contain signiﬁcant sequence fragments that
cannot be assigned to any functional domain. These proteins
have either PKD/Chitinase or Lamin tail domain, or both.
We examined the potential relationship between the existence
of the detected domains (except for the DNase domain) and
the resistance to ionic strength. All the subsequent references
to salt tolerance are based on this ﬁgure. The corresponding
literature sources are indicated in Supplementary Material
(Table S2).
If a protein is secreted, then it should be adapted to the
surrounding environment. Thus additional search for secretion
signal was performed on the sequences originating from the
organisms which can grow at concentration of NaCl≥1.5 M. The
results are given in Table 1.
3.2. DNaseTA Requirement of Divalent Ions and
Resistance to Ionic Strength
We have estimated approximate optimal concentrations of
divalent cations for the bovine DNaseI (a reference enzyme) and
the DNase from Thioalkalivibrio sp. K90mix (DNaseTA). We
observed (Figure 2) that both enzymes require Ca2+ or Mg2+
for catalytic activity and the maximum activity is achieved when
both of these ion species are present. Data shows that DNaseTA
requires signiﬁcantly higher concentrations of divalent ions than
bovine DNaseI:∼10mMCa2+ and∼10mMMg2+ is the optimal
combination for the DNaseTA (Figure 2A), while for the bovine
DNaseI the respective concentrations are ∼1 mM and ∼2.5mM
(Figure 2B).
We have analyzed the inﬂuence of increasing salt (NaCl)
concentration on DNA hydrolysis by DNaseTA and its two
mutants. We assayed digestion of two DNA types: (i) long
plasmid, (ii) short duplex. This was done in order to double-
check the ﬁndings as the data on the digestion of the long plasmid
were qualitative agarose gel images and it was accompanied by
quantitative data on the short substrate digestion.
The digestion of the long substrate by the DNaseTA was
assayed under two conditions in terms of divalent cations : (1) the
near optimum combination of Ca2+ and Mg2+ concentrations
for DNaseTA (Figures 3A,B). (2) the lower concentrations of
these divalent ions, which resembles near optimum conditions
TABLE 1 | The secretion signal in DNases from the most salt tolerant organisms (1.5 M NaCl).
Representative Representative species/label Secretion signal Protein type prediction by Philius Additional Maximum
sequence used in phylogeny tree domain NaCl, M
SignalIP PRED- Type Confidence
4.1*a SIGNAL*a
D7E828 Methanohalobium evestigatum
DSM 3721
- Y Globular with signal peptide 0.99 Lamin tail 5.1a
D3SGB1 Thioalkalivibrio sp. K90mix Y - Globular with signal peptide 0.99 duplicate HhH*b 4b
F7SPZ3 Halomonas sp. TD01 Y - Globular with signal peptide 0.98 duplicate HhH*b 3.42c
S9QWK2 Salipiger mucosus DSM 16094 N - Globular with signal peptide 0.71 - 3.42d
G4F511 Halomonas sp. HAL1 Y - Globular with signal peptide 0.99 duplicate HhH*b 2e
F0SFA3 Planctomyces brasiliensis ATCC
49424
N - Transmembrane 0.68 - 1.72f
D8KCF8 Nitrosococcus halophilus Nc4 Y - Globular with signal peptide 0.99 Lamin tail 1.60g
G2PLU4 Muricauda ruestringensis DSM
13258
N - Globular 0.99 - 1.54h
G2PQ99 Muricauda ruestringensis DSM
13258
N - Globular with signal peptide 0.99 - 1.54h
T2LFY5 Halomonas sp. A3H3 N - Globular with signal peptide 0.91 duplicate HhH*b 1.5i
a Wilharm et al., 1991.
b Muyzer et al., 2011.
c Tan et al., 2011.
d Martínez-Cánovas et al., 2004.
e Lin et al., 2012.
f Schlesner, 1989.
g Koops et al., 1990.
h Bruns et al., 2001.
i Koechler et al., 2013.
*a Resulting decision on the existence (Y) or not existence (N) of the secretion signal sequence.
*b Corresponds to RuvA domain 2-like domain or DNA polymerase lambda fingers domain.
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FIGURE 2 | Different requirements for divalent ions of DNase from
Thioalkalivibrio sp. K90mix (DNaseTA) and bovine DNaseI. Several
different concentrations of Ca2+ and Mg2+ were screened evaluating
approximate optimum for DNaseTA (A) and bovine DNaseI (B). It was found
that both enzymes require Ca2+ and Mg2+ for activity, however, DNaseTA
requires significantly higher concentrations. The optimal concentrations
are ∼10 mM Ca2+ and ∼10 mM Mg2+ for DNaseTA and, respectively,
∼1 mM and ∼2.5 mM for bovine DNaseI.
FIGURE 3 | Activity of DNase from Thioalkalivibrio sp. K90mix
(DNaseTA), its mutants and bovine DNaseI at different ionic
strengths. Activity of analyzed proteins was evaluated by digestion of
linearized pUC19 plasmid in the presence of various concentrations of NaCl.
Two series of NaCl gradients were used: the first one corresponds to a range
from 0 to 1 M with increments of 0.1 M (left electrophoregrams), the second
one corresponds to a range from 0 to 4 M with increments of 0.4 M (right
electrophoregrams). Activity assays in case of DNaseTA were performed
comparing two compositions of divalent ions: a suboptimal one,
corresponding to lower (C,D) concentrations, and near optimum one, which
corresponds to higher concentrations (A,B). The data on the mutant with the
removed C-terminal domain (DNaseTA C) is given at the (E,F) panels. The
data on DNaseTA with mutation at DNase active site (DNaseTA H134A) is
given at the (G,H) panels. Analogous data for Bovine DNaseI is given at the
(I,J) panels (the near optimum concentration of divalent cations for DNaseI
were used).
for the bovine DNaseI (Figures 3C,D). The results indicate that
DNaseTA digests DNA in the presence of high salt concentration
(up to 4 M NaCl) at both concentrations of divalent ions,
however, apparent diﬀerences between those two combinations
are noticeable at lower ionic strength (up to ∼1 M NaCl).
DNaseTA digests DNA at the lower ionic strength and higher
concentration of divalent ions, although the length of ﬁnal
product gradually increase (presumably due to decreasing DNase
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activity). Contrastingly, under lower concentration of divalent
ions the ability of DNaseTA to digest DNA decreases signiﬁcantly
when salt concentration reaches ∼0.4 M NaCl. At this point
some substrate remains even undigested. Further increase in
ionic strength, however, reinforces the degradation of DNA
by DNaseTA as the length of the DNA substrate is shortened
signiﬁcantly even at 4 M NaCl.
The digestion of the long substrate by the mutants of
DNaseTA were analyzed at the near optimum combination of
divalent ions for DNaseTA. The truncated form of DNaseTA
with the removed C-terminal domain (DNaseTA C) retains
its DNase activity as presented in Figures 3E,F. This mutant
of DNaseTA noticeably digest the DNA substrate only up to
∼0.6M NaCl and the DNA digestion is completely inhibited at
NaCl concentrations higher than 1.2M. Themutant of DNaseTA,
which has the inactivating mutation H134A, (DNaseTA H134A)
is unable to digest DNA at any of the tested concentrations of
NaCl (Figures 3G,H).
The data corresponding to the bovine DNaseI is given in
Figures 3I,J, which indicates that the concentration of NaCl
above ∼0.9M totally inhibits DNA digestion. In this case near
optimum combination of divalent ions for the bovine DNaseI
were used.
The data on the digestion of the short DNA substrate is
presented in the Table 2. In this experiment for analysis of
DNaseTA and its mutants the near optimum combination
of divalent ions for DNaseTA was used. For the analysis of
DNaseI—the corresponding near optimum concentration of
divalent cations was used. It complements the data on the long
substrate digestion and indicates that DNaseTA is able to digest
DNA in the presence of 4 M NaCl, the truncated version of the
DNaseTA (without C-terminal domain) is active only at low ionic
strength, and the DNaseTA active site mutant is inactive at any
ionic strength.
3.3. Surface Properties of DNase Domain of
DNaseTA
In order to elucidate the apparent diﬀerences we ﬁnd between
DNaseTA and bovine DNaseI regarding the ability to digest DNA
at high ionic strength, we analyzed the electrostatic potential
properties and conservation of surface residues of the DNase
domain. The active site residues, which interact with the DNA
and are involved in catalysis, are marked in green color and
TABLE 2 | The half-life of the radioactive substrate digestion of the
recombinant DNase from Thioalkalivibrio sp. K90mix (DNaseTA) and its
mutants.
NaCl, M DNaseTA DNaseTA C DNaseTA H134A
Half-life of substrate digestion T1/2, min
0 9.43 31.29 NDa
0.5 43.39 NDa NDa
1.2 60.18 NDa NDa
4.0 47.66 NDa NDa
a ND , not detectable.
the residues, which bind magnesium ions, are marked in yellow
color in Figure 4C and Figure S2 (Supplementary Material).
As we see in Figure 4 an electrostatic potential (the redder—
the more electronegative) of the surfaces indicates that the
active site regions of DNaseTA and bovine DNaseI are both
negatively charged. However, the DNaseTA has signiﬁcantly
larger electronegative patch in the DNA binding surface than the
bovine DNaseI (Figure 4A). The fact that the predicted surface
of DNaseTA is more electronegative compared to DNaseI is
also evident when we compared those parts of protein surfaces
which are not facing DNA [Figures 4B(2),B(3)]. Therefore, the
surface of DNaseTA is overall more electronegative than the
surface of bovine DNaseI. For comparison, along with DNaseTA
and bovine DNase in Figure 4B(1) we visualized the surface
electrostatic potential of the DNase from Methanohalobium
evestigatum (DNaseME). Methanohalobium evestigatum is the
most salt tolerant organism, which was included in our
research. The maps demonstrate that the DNaseME has the
most electronegative surface out of all three DNases. In
Figure 4B a protein from the most halophilic/halotolerant
microorganism is on the left (1 – DNaseME), a protein from less
halophilic/halotolerant organism is in the middle (2 – DNaseTA)
and an eukaryotic protein is on the right (3 – bovine DNaseI).
For the references on the salt tolerance please see the Table 1.
Thus the more halophilic the DNase is, the more electronegative
surface it has.
Alongside with the electrostatic potential we also mapped
the conservation of the DNaseTA surface residues (Figure 4C).
The results show that the positions of the active site and
DNA binding residues Asn94, Arg126, His149, Asn191, Tyr228,
His273 along with the Mg2+ binding residues Asn32, Glu61 are
conserved, while many other surface residues are variable. It is
evident that the surface side which is not facing DNA is variable
and does not show any strong evolutionary conservation (see
Figure 4C bottom surface). Therefore, the surface residues in the
homologs of DNaseTA aremostly variable and thus give room for
evolutionary adaptations.
4. Discussion
In this study we analyzed the data on the phylogeny of
microbial DNases, their domain structure and salt tolerance of
the corresponding microorganism (Figure 1). We hypothesized
that the additional DNA binding domains might serve for the
adaptation of the microbial DNases to saline environments. Our
studies have conﬁrmed the existence of additional domains in
the prokaryotic, potentially salt tolerant DNases. The analysis
revealed that two types of domain organizations are found
exclusively in DNases from halophilic/halotolerant species: (i) the
C-terminus of DNase fused to a Lamin tail domain, (ii) the C-
terminus of DNase fused to a domain containing HhH duplicate
motifs (RuvA domain2-like or DNA polymerase lambda ﬁngers).
These two types of motifs are not homologous, however, they
could be analogous in function. The HhH duplicate domain
binds to DNA and is found in many DNA interacting proteins
(Doherty et al., 1996). The Lamin tail domain was discovered
in nucleus envelope of the eukaryotic cells and is also associated
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FIGURE 4 | Electrostatic surface potential and evolutionary
conserved residue maps. Difference between DNase domain of
DNase from Thioalkalivibrio sp. K90mix (DNaseTA) and bovine DNaseI
electrostatic potential surfaces, which are in contact with DNA, are
depicted in (A). Here DNA is positioned based on crystallographic
bovine DNaseI structure (PDB ID: 1DNK). Electrostatic surface potential
maps of DNase domains’ sides which are not facing DNA are depicted
in (B): DNase from Methanohalobium evestigatum (DNaseME) (1),
DNaseTA (2), and bovine DNaseI (3). Dashed line in (3) represents DNA
position behind DNaseI. Evolutionary conserved residue map of DNase
domain model of DNaseTA is depicted in (C). The front (top structure)
that faces DNA, and the back (bottom structure) sides of the proteins
are visualized. Scales from variable (cyan) to conserved (purple) are
shown under the structures.
with the binding to DNA (Mans et al., 2004; Bruston et al., 2010).
As it is well established, ionic strength has a diminishing eﬀect on
electrostatic interactions. Therefore, an additional DNA binding
domain should enhance the activity of DNases in the presence of
the elevated ionic strength.
We propose that in order for a microbial DNase to hydrolyse
DNA in the presence of elevated ionic strength, it should have
a DNA binding domain. Amongst organisms, that can tolerate
salinity of ∼1.5 M and more (Figure 1), we discovered nine
organisms and ten DNases. Out of the nine organisms eight were
bacteria. For adaptation to high salinity bacteria usually employ
“salt-out” strategy using compatible solutes (da Costa et al., 1998)
and their intracellular proteins might not be adapted to high salt
concentrations. However, if proteins from halotolerant bacteria
have secretion signals then, most likely, they enter a secretory
pathway and, if are secreted, they should be evolutionary adapted
to elevated ionic strength. Therefore, we have searched for the
presence of a secretion signal (Table 1) and have found that only
ﬁve of the ten DNases have a secretion signal, which is detectable
by two programs that were used in this study. These ﬁve DNases
have other domains in addition to the nuclease domain. Three
of them have a domain with duplicate HhH motifs that is fused
to a nuclease domain, the other two proteins have a Lamin
tail domain instead of the duplicate HhH motifs. Therefore we
assumed that a DNase, which is potentially secreted via classical
secretory pathway by a moderate-extreme halophile, should have
an additional DNA binding domain. Thus, for our investigations
we have selected a DNase, which has a C-terminal domain with
duplicate HhH motifs, and examined if this domain is at least
partially responsible for the resistance to high ionic strength.
The chosen DNase is from an extremely halotolerant species
Thioalkalivibrio sp. K90mix.
The ﬁrst task in performing experimental assays with this
enzyme was to evaluate the need for divalent cations. The data
(Figure 2) indicates that higher concentrations of divalent ions
are required for the optimal activity of DNaseTA compared
to its bovine counterpart. The analysis of the bovine DNase
(Guéroult et al., 2010) showed that the divalent ions are
essential for DNA binding, as without bound ions the DNA
binding surface in eukaryotic DNase is electronegative and
thus unable to bind DNA. The electrostatic DNA binding
surface potential of the bovine DNaseI and the DNase from
Thioalkalivibrio sp. K90mix are visualized in Figure 4A. These
data might explain why the prokaryotic DNase requires higher
concentration of divalent ions. The DNA binding surface of
the DNase from Thioalkalivibrio sp. K90mix has a much larger
patch of electronegative area (Figure 4A). This implies that more
divalent ions have to be bound to DNaseTA in order to make the
surface electro-positive and enable the binding to DNA.
Further we explored the capability of DNase from
Thioalkalivibrio sp. K90mix to digest DNA substrates in a series
of buﬀers where NaCl concentration was gradually increased
(Figure 3). In these assays two compositions of divalent ions
were compared: one suboptimal, with lower concentrations, and
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the second, using near optimal concentrations. Interestingly,
the concentration of divalent ions remarkably inﬂuences the
resistance of the DNase to the ionic strength in buﬀers with
NaCl concentration up to ∼1 M. When the concentration of
divalent ions was low, gradual increase in a salt concentration
revealed two peaks of the activity: one in the absence of NaCl
and the second, when the concentration of NaCl was above
1.2M (Figures 3C,D). This observation was reproduced in
several experiments (data not shown). In contrast, when the
concentration of divalent ions was higher, there was no activity
suppression by moderate concentrations of NaCl and a recovery
by higher concentrations. This implies that at the concentrations
of NaCl ∼1.2M and higher, divalent ions aid the enzyme to
maintain its activity and resist to the increasing ionic strength.
As increasing ionic strength weakens DNA protein interaction,
our data suggests that at the higher concentration of divalent
ions the prokaryotic DNase has higher aﬃnity to DNA than at
the lower concentrations.
It is still unclear why during the gradual increase of ionic
strength at low concentration of divalent ions the dual activity
peak was observed. However, this could be explained by
presuming that the C-terminal domain of the prokaryotic DNase
acts in its full potential only at high salt concentrations and it
is, indeed, the key factor for the sustainment of the enzymatic
activity in saline environments. Thioalkalivibrio sp. K90mix is
adapted to extreme salt concentrations and grows at salinities
up to 4M of NaCl. In a high salt concentration at least part
of DNA should adapt Z form (Pohl and Jovin, 1972) and, if
the C-terminal domain is adapted to bind this DNA form,
then it is likely that the prokaryotic DNase is activated by
the high ionic strength under the suboptimal concentrations of
divalent ions. Thus, the dual peak of activity implies that the
increasing salt concentration gradually suppresses the activity of
this enzyme and the DNA binding domain is engaged only at
higher salt concentrations thus rescuing the enzyme’s ability to
bind DNA.
Our experimental data (Table 2, Figure 3) implies that the
C-terminal domain is indeed important for the adaptation of
prokaryotic DNases to high ionic strength. We investigated this
notion by creating two mutants of the prokaryotic DNase from
Thioalkalivibrio sp. K90mix : the ﬁrst mutant was generated by
removing the C-terminal domain of the enzyme, the second
mutant harbors an inactivating mutation in the active center of
the DNase domain. The mutant with inactivating mutation in the
active site of the DNase domain was created in order to test the
hypothesis that the C-terminal domain acts only as a facilitator
for the DNase domain, but cannot catalyze DNA hydrolysis
by its own. The mutant with the removed C-terminal domain
was created to test if this domain is required for the DNases
activity at high ionic strength. The catalytic activity impairment
of the active site mutant and the diminished salt tolerance of
the mutant with the removed C-terminal domain was reliably
conﬁrmed by the data on digestion of short and long DNA
substrates (Table 2, Figure 3). Therefore, DNA hydrolysation by
the prokaryotic DNase is catalyzed by the active site in the DNase
domain and the C-terminal domain acts as a facilitator at high
salt concentrations (at least up to 4M NaCl). Contrastingly, the
bovine DNaseI is completely inhibited by NaCl concentrations
above 1.2M.
The modeled structures of DNases from two extremely
halotolerant organisms Thioalkalivibrio sp. K90mix and
Methanohalobium evestigatum as well as the subsequent
electrostatic calculations indicated that the surfaces of these
proteins are more electronegative compared to their eukaryotic
counterparts (Figure 4). The adaptation of the enzyme to saline
environments results in accumulation of negative amino acids on
the surface (Siglioccolo et al., 2011; Graziano andMerlino, 2014).
The data presented in Figure 4B clearly illustrates this trend: the
extremely halophilic DNase from Methanohalobium evestigatum
has the largest electronegative surface, the moderate halophilic
DNase from Thioalkalivibrio sp. K90mix has a smaller area of the
electronegative surface and the non-halotolerant bovine DNaseI
has almost no electronegative areas on the surface of the protein
side that is not facing DNA. Therefore, we have an indication
that the prokaryotic DNaseI homologs tend to accumulate
negatively charged surface residues during the adaptation to
high salt concentrations and follow the tendency observed in
other proteins (Siglioccolo et al., 2011; Graziano and Merlino,
2014).
A remarkable fact is that we observe accumulation of
negatively charged residues in the DNA binding pocket of
the protein (Figure 4A) when we compare DNaseTA (from
extremely halotolerant organism) and bovine DNaseI. Analysis
done by Becker et al. (2014) showed that such acidiﬁcation of
nucleic acid binding pocket was not observed in cases of TATA-
binding protein and ribosome elongation factor, when proteins
from halophilic and mesophilic organisms were compared. Also
the DNA binding pocket did not show any sight of acidiﬁcation
comparing salt tolerant endonuclease I from Vibrio salmonicida
and Vibrio cholerae (Niiranen et al., 2008). One would argue that
this observed unusual acidiﬁcation of DNaseTA’s DNA binding
pocket is due to adaptation for DNA binding at extremely
high salt as it is in the case of PCNA from Haloferax volcanii
(Morgunova et al., 2009). However, the PCNA is a complex
trimeric DNA sliding protein and its DNA binding should
greatly diﬀer from enzymes or nucleic acid binding factors.
Additionally, the DNase domain of DNaseTA without the aid
of the C-terminal DNA binding domain is not salt tolerant
(Figure 3, Table 2). Thus it is not likely, that the acidiﬁcation
of the DNaseTA DNA binding pocket is due to adaptation for
DNA binding at high ionic strength. Therefore, it could be
that the evolution was forced to ﬁnd a compromise between a
necessity to preserve DNA binding pocket from acidiﬁcation,
which would potentially disrupt DNA binding, and a necessity to
adapt protein surface to high salt concentrations via additional
negative charges. Nature’s compromise was to enhance DNA
binding via an additional DNA binding domain, which we
experimentally proved to be responsible for the halotolerant
properties of the DNase from Thioalkalivibrio sp. K90mix. As
discussed above, such adaptation is characteristic to potentially
secreted DNases produced by the micro-organisms living in
hyper-saline environment.
Several attempts were made to enhance DNA binding
properties of polymerases by fusing a HhH motifs containing
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domain (de Vega et al., 2010; Pavlov et al., 2012). Here we have
shown that nature had similarly engineered DNases in response
to confronting evolutionary pressures. These ﬁndings suggest
that analogous engineering approaches could be explored to
enhance the properties of eukaryotic DNases, which are widely
used in biotechnology. However, this is another story to be
told.
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